Abstract Storing high moisture biomass for bioenergy use is a reality in many areas of the country where wet harvest conditions and environmental factors prevent dry storage from being feasible. Aerobic storage of high moisture biomass leads to microbial degradation and self-heating, but oxygen limitation can aid in material preservation. To understand the influence of oxygen presence on high moisture biomass (50 %, wet basis), three airflow rates were tested on corn stover stored in laboratory reactors. Temperature, carbon dioxide production, dry matter loss, chemical composition, fungal abundance, pH, and organic acids were used to monitor the effects of airflow on storage conditions. The results of this work indicate that oxygen availability impacts both the duration of self-heating and the severity of dry matter loss. High airflow systems experienced the greatest initial rates of loss but a shortened microbially active period that limited total dry matter loss (19 %). Intermediate airflow had improved preservation in short-term storage compared to high airflow systems but accumulated the greatest dry matter loss over time (up to 27 %) as a result of an extended microbially active period. Low airflow systems displayed the best performance with the lowest rates of loss and total loss (10 %) in storage at 50 days. Total structural sugar levels of the stored material were preserved, although glucan enrichment and xylan loss were documented in the high and intermediate flow conditions. By understanding the role of oxygen availability on biomass storage performance, the requirements for high moisture storage solutions may begin to be experimentally defined.
Introduction
Large quantities of biomass are necessary to supply emerging bioenergy conversion facilities, on the scale of 2,100 tons per day for a 61-million gal per year biorefinery [1] ; however, the challenge is to provide a consistent supply of biomass throughout the year since most agricultural residues are seasonally harvested and will require extended on-farm storage. Corn stover is one such residue that has gained considerable attention as a bioenergy feedstock due to its current availability and collection infrastructure, and it is estimated that up to 256 million tons per year could be sustainably harvested [2] . Moisture levels of less than 20 % wet basis (wb; the mass of water relative to the combined masses of water and dry matter) are recommended to prevent microbial growth and biomass degradation in aerobic storage of corn stover [3] , yet higher moisture contents are inevitable in many areas of the country due to grain harvest conditions, residue collection methods that prevent or reduce in-field drying (i.e., single-pass harvesting), or wetting of the material while in storage [4] . The uncertainties of managing these high moisture labile materials must be addressed if robust storage management solutions are to be implemented into the feedstock supply chain.
Degradation of biomass occurs as a result of microorganisms growing in the presence of ample moisture, oxygen, and substrate, resulting in the production of carbon dioxide and heat. The self-heating of high moisture biomass due to respiration causes temperatures to reach 65°C or higher within days of storage, and temperatures can remain elevated for weeks to months [5, 6] . Dry matter losses of up to 40 % have been documented in aerobically stored piles of high moisture corn stover (wetted to over 70 % wb by precipitation) after 8 months in storage [7] . Even near the target threshold of 20 % wb moisture, baled corn stover at 22 % wb moisture has been shown to lose 14 % dry matter after only 3 months in storage [8] . The stability of stored materials must be improved if biomass is to retain its value to the producer and conversion facility for up to 12 months.
While moisture loss is difficult to predict and substrate availability is largely fixed in field scenarios, oxygen exclusion in storage has proven to be beneficial to dry matter preservation. Oxygen availability in stored biomass is dependent on the storage method (piles or bales, stack size and orientation, physical barriers) and biomass properties (particle size, moisture content, and packing density) [9, 10] . Stacks of bales are the preferred biomass storage format for emergent biorefineries [11] , but they do not naturally exclude oxygen. Free airspace in high moisture corn stover bales can range from 53 to 69 %, as calculated using average bale densities of 130-200 kg dry matter (DM)/m 3 and average particle densities of 740 kg DM/m 3 [12, 13] . Decomposition of aerobically stored organic matter is reported to be negatively impacted at free airspaces of less than 30 % and optimized at 85 % [9, 14] ; therefore, the amount of free airspace in high moisture bales makes them especially susceptible to aerobic degradation. In contrast, corn silage stored in silos and bunkers is reported to have an average packing density of 235 kg DM/m 3 [15, 16] , which equates to 25-45 % estimated free airspace and is much closer to the recommended degradation-limiting range. Dry matter losses are often considered to be negligible in silage because anaerobic conditions reduce the possibility of deleterious microbial growth. However, because the packing density of baled biomass is limited by mechanical capabilities, oxygen availability must be manipulated by alternative options. The practice of bale wrapping greatly reduces oxygen availability in low density biomass and has been demonstrated to result in dry matter losses of less than 5 % in high moisture corn stover bales [3] . While such evidence supports management of oxygen in biomass storage, not enough information exists on how varied degrees of oxygen limitation impact storage behavior and how this relationship can be used to improve storage practices.
Although oxygen limitation is clearly beneficial in principle, the measurement of oxygen availability in large, open systems is challenging. Laboratory-scale storage experiments provide a controlled environment to focus on the effect of a single variable while also presenting the advantages of lower cost and material requirements compared to field studies. Airflow is one variable easily controlled in laboratory reactors to alter oxygen availability. Multiple studies on degradation of organic matter have shown that aeration rate significantly affects self-heating profiles and rates of degradation, with low airflows reducing total organic matter decomposition by up to 20 % compared to respective high flow tests [17] [18] [19] [20] .
Stable biomass storage is currently defined as either dry aerobic storage (less than 20 % wb moisture) or anaerobic wet storage (greater than 50 % wb moisture), with few recommendations for the dry matter preservation of 20-50 % wb moisture biomass. Moisture-tolerant aerobic storage systems have not been well characterized but would provide flexibility to the biomass supply chain, especially considering year-to-year variations in feedstock moisture content where dry storage cannot be achieved [21] . The objective of this research is to determine if changes in oxygen availability, as opposed to drying materials prior to storage or completely limiting oxygen in anaerobic wet storage, can be used to reduce the microbial degradation rate of high moisture corn stover in storage and, therefore, extend the storage period of inherently unstable materials. Limited studies on aeration tactics to preserve dry matter have been investigated in the field and range from high aeration with the intent to remove moisture (i.e., aerated silo tubes) to oxygen limitation techniques to encourage ensiling (i.e., bale wraps) [7, 22] . This paper describes the effect of three aeration rates during corn stover storage on the rate of material loss, the total dry matter loss, and resultant composition changes after storage in laboratory reactors, and it is the first study to focus on the levels of aeration that could reduce real-time dry matter loss rates.
Methods

Reactor Design and Operation
Six laboratory-scale reactors were used to simulate aerobic storage of corn stover (Fig. 1) . The insulated 100-L reactors used a temperature-controlled water jacket to allow the biomass temperature to be driven by microbial heat generation and minimize heat loss. The mean temperature of the biomass was monitored by two PT-100 RTDs placed in the center of the material column at one third and two thirds of the height. A LabView computer interface (Version 11.0.1, National Instruments, Austin, TX) recorded biomass temperature data and controlled the circulating water jacket to 0.5°C below the mean temperature of the biomass, with the purpose of minimizing conductive heat loss, thus simulating the thermal gradient and self-insulating properties of a pile or stack of baled self-heating biomass.
Instrument air regulated by mass flow controllers was supplied in a constant upward flow through the biomass column at 0.25, 1.0, and 2.5 L/min (±0.05) to the reactors in duplicate pairs (referred to as low, intermediate, and high flow, respectively). Airflow rates were chosen based on preliminary trials using pine chips and corn stover that showed typical selfheating behavior without excessive convective cooling of the sample mass in the airflow range tested here (data not shown). The airstream was heated and humidified by infusing inlet air through a porous frit submerged in 5 to 7.5 cm of deionized water below the packed biomass. Off-gas exhausted through the top of each reactor was analyzed once per hour with an automated gas chromatograph (MicroGC 3000, Agilent, Santa Clara, CA) equipped with a Molesieve 5-Å column for oxygen and nitrogen measurement, a PLOT U column for carbon dioxide measurement, and a thermal conductivity detector.
Materials and Performance Testing
Reactors were packed with corn stover collected at the time of grain harvest in Stevens County, KS by a single-pass baling operation (AGCO Challenger 680B combine and LB34B baler). One freshly harvested large rectangular bale was deconstructed without subsequent size reduction and packed into drums immediately, transported by vehicle to Idaho, and stored at −20°C until use in this experiment. The combination of sealed drums and frozen storage limited both moisture and dry matter loss. The corn stover packed in the reactors had an initial mean moisture content of 51.9±2.0 % wb (n=6). The reactors were loaded with a mean of 8.2±0.4 kg DM, resulting in a mean packing density of 96.7±4.9 kg DM/m 3 (n=6). All reactors were operated for 50 days. At the time of deconstruction, the biomass from each reactor was homogenized by hand and spread in a thin layer from which nine random samples were collected and composited for representative analyses. Moisture content was determined by drying a composite sample at 105°C for 24 h [23] .
Dry matter loss was calculated using Eq. 1:
where DM I is the dry matter mass entering the reactor and DM F is the dry matter mass exiting the reactor. In a simple mass-based approach, both DM I and DM F were calculated by correcting the wet mass measured at loading and unloading for moisture content. A second approach was used to measure dry matter loss throughout the storage duration in addition to total dry matter loss by the use of respirometry. The mass of CO 2 exiting the reactors was related to a consumption of carbohydrate (CH 2 O) n using a molar ratio of 1:1 [24] . The cumulative mass of (CH 2 O) n lost over time then replaced the numerator of Eq. 1, yielding Eq. 2:
where Σ(CH 2 O) n is the mass of carbohydrate lost at any point in time. By using this CO 2 -based method, dry matter loss values are dependent only on the moisture measurements that determine the initial dry mass of the stover. Heating degree days (HDD) were determined by calculating the degrees magnitude that the temperature at the center of each reactor was above 30°C and then summing the values over the total storage time.
Microbial Analysis
To estimate fungal abundance, most probable number (MPN) analysis was performed on the unstored and stored corn stover composite samples. Water extracts were prepared by creating a 1:10 ratio of wet biomass (50 g) to BupH phosphate buffered saline (Thermo Scientific, Rockford, IL) and shaking at 200 rpm for 3 h at room temperature. Fungal plate MPNs were performed based on the method by Watanabe et al. [25] using potato dextrose agar with 100 mg/L chloramphenicol and were incubated at room temperature for 10 days. All MPNs were performed with dilutions from 10 −2 to 10 −7 in Fig. 1 Operational illustration of the laboratory reactor system. Chemical Analysis
Organic acids were extracted from the unstored and stored corn stover composite samples in duplicate using a 1:10 ratio of wet biomass (50 g) to 18 MΩ cm nanopure water. Samples were allowed to equilibrate at 4°C for 72 h. An aliquot was filtered to 0.2 μm and acidified to a pH of 4 with sulfuric acid. Organic acids were analyzed using high-performance liquid chromatography (HPLC) with a refractive index (RI) detector (Waters, Milford, MA). Chemical compositional analysis on unstored and stored corn stover composite samples was measured in duplicate according to standard biomass procedures developed by the National Renewable Energy Laboratory (NREL) [27] . Extractives from ethanol and water were determined using an ASE 350 (Dionex, Sunnyvale, CA) [28] . The extracted biomass was subjected to a two-stage acid hydrolysis [29] . The liquor from the acid hydrolysis was analyzed using HPLC with a RI detector for monomeric sugars and sugar degradation products (Agilent, Santa Clara, CA) [29] . Acid-soluble lignin fractions were analyzed using a Varian Cary 50 ultraviolet-visible spectrometer (Agilent, Santa Clara, CA) [29] . NREL's theoretical yield calculator was used to predict theoretical ethanol yields (TEY) [30] .
Statistical Analysis
Averages and one standard deviation are presented with n=2 unless otherwise noted. Statistical analyses were performed in the open-source language R (version 2.14.0) [31] . One-way analysis of variance (ANOVA) was performed to identify significant differences, and Tukey's honest significant difference (HSD) test was performed for multiple level comparison of statistical equivalency.
Results and Discussion
Storage Performance
The self-heating and CO 2 generation profiles of the three airflows were measured throughout the 50-day storage period (Fig. 2) . Table 1 contains additional reactor details including moisture content, packing density, and dry matter loss.
The three-stage temperature profile associated with aerobic storage of organic matter was observed and used as a means to compare reactor performance. Briefly, this profile consists of a rapid increase in temperature to 65-70°C, followed by a prolonged high temperature plateau at 55-60°C, and finally rapid cooling to near ambient temperatures (which will be referred to as below 30°C in this study for simplicity) [32] . The self-heating profiles were similar between all of the duplicate reactors, with the exception of the cooling exhibited by one intermediate flow reactor. The duplicate intermediate flow reactors had near-identical temperature and CO 2 profiles for the majority of the storage duration and, therefore, are considered to have the same overall performance with exceptions noted.
Self-heating began rapidly in all treatments upon system startup, as depicted in Fig. 2 . In the high and intermediate flow reactors, the biomass temperature reached a maximum of 65 and 67°C in 2 days, respectively. Stover in the low flow reactors exhibited a slower temperature rise over 5 days and reached a maximum temperature of 68°C; this is consistent with the decreased rates of initial self-heating and slightly higher maximum temperatures observed in composting reactors with low flow rates [17, 18] . The maximum amount of CO 2 generated occurred during the initial heating phase by the second day of storage and ranged from 8.2±0.6 L CO 2 /h for the high flow, 9.4±1.6 L CO 2 /h for the intermediate flow, and 3.6±0.2 L CO 2 /h for the low flow reactors. When mole percent of CO 2 is considered, a peak of 5.5, 15.8, and 23.9 % CO 2 was measured for the high, intermediate, and low flows, respectively. These high levels of CO 2 evolution early in storage indicate that microbial respiration quickly reached a maximum, thus driving the rapid spike in temperature. Furthermore, when the concentration of O 2 exiting the reactors during this time is compared across the three airflows, both the high and intermediate flows (11.9±0.5 and 5.1± 1.3 %, respectively) were above or at the threshold of 5 % considered necessary to limit aerobic productivity; however, the low airflow reactor sustained a minimum exiting concentration of 0.9±0.0 % O 2 for 2 days, indicating that this system reached a temporary state of severe oxygen limitation [33] . The near 24 % CO 2 produced in the low flow condition is also beyond the level capable in aerobic processes [34] , signifying that an anaerobic process, likely fermentation, was occurring during these 2 days.
Once the peak temperature had been reached, the temperature in each airflow condition dropped to 55-60°C and remained there for varying periods depending on airflow rate (Fig. 2) . At temperatures greater than 55°C, stable CO 2 generation was observed, ranging from 3.2±0.4 L CO 2 /h (n=377) for the high flow, 1.5±0.5 L CO 2 /h (n=942) for the intermediate flow, and 0.5±0.1 L CO 2 /h (n=1,333) for the low flow reactors. A drop in respiration rate and cooling were then experienced in select reactors. The high airflow reactors dropped below 55°C at 12 days and then cooled to 30°C by 23 days in storage; this is consistent with composting reactors subject to high aeration rates [17] . One intermediate flow reactor dropped below 55°C at 35 days and cooled to 30°C by 45 days, while the other intermediate flow reactor and both low flow reactors stayed above 55°C for the duration of the storage period. Respiration levels of 0.2±0.0 L CO 2 /h (n= 861) and 0.1±0.0 L CO 2 /h (n=95) were observed in the high flow reactors and one intermediate flow reactor, respectively, once they cooled below 30°C. This corresponds to 0.16 and 0.14 % CO 2 generation, which is approximately four times above atmospheric conditions; these levels of CO 2 suggest that material degradation is heavily depressed but still ongoing. Ideally, if the high respiration levels observed in the thermophilic range of the self-heating profile could be minimized and the more stable low temperature state could be reached earlier in the storage period, less overall respiration would occur and result in greater material preservation. In composting environments, overaeration of organic matter can result in shortened self-heating as a result of increased convection and latent heat loss, leading to insufficient temperatures or desiccation that reduces microbial activity. Shinners et al. attempted such a method by force-aerating high moisture (57 % wb ) corn stover; despite largely suppressing self-heating, no appreciable change in moisture content was observed and losses were severe [7] . In the same study, however, an oxygen- Fig. 2 a-c Temperature and carbon dioxide production profiles of storage reactors supplied with three airflows over 50 days in storage limited system was shown to have reduced self-heating and also improved material preservation. For practical purposes, the intent of limiting microbial activity through overaeration in a high moisture biomass storage system is likely impossible due to the difficulty of adequate moisture removal, while limitation of oxygen is a practical and achievable means to limit self-heating and degradation. Initial and final moisture content of the stover is presented in Table 1 and was generally 50 % wb with a few exceptions. The increase of moisture in the low flow reactors to 58 % wb most likely occurred due to decreased vapor removal at the low mass flow rate, preventing moisture generated through material decomposition to escape the system. The intermediate flow-A reactor lost moisture due to failure in the unit's humidification system; the resulting desiccation of the biomass is believed to have caused the cooling in this reactor. In both laboratory-and field-scale biomass storage systems, lower moisture content biomass has been characterized by more rapid cooling after self-heating when compared to biomass of higher moisture content [5, 35] . This occurrence suggests that a decrease of moisture, even at high moisture levels, may have a positive impact on material preservation. Subsequent reactor runs with the intermediate flow rate and the same source material performed identical to reactor B, further supporting that a humidification failure occurred in reactor A (data not shown). The performance of the intermediate flow reactors does call into question the use of duplicate versus triplicate reactors, as failure in one reactor reduces the n to 1. In the case of this study, a single corn stover bale was used to limit substrate differences and considered an acceptable compromise to the time and cost requirements of triplication. A one-way ANOVA does gain power from the number of treatments and not simply replication level, and it was deemed that duplication was sufficient to see notable changes in reactor performance.
Overall trends can be observed when comparing the selfheating profiles and respiration levels observed in this study. With the exception of the initial heating to 65°C, the stover in the high flow reactors had the greatest CO 2 production levels and thus the highest microbial activity, but the heating was extinguished early in the storage period. Likewise, the low flow condition had the lowest CO 2 production in each temperature zone. Within each airflow condition, increased temperature was related to increased CO 2 production and vice versa. High temperatures are typically thought of as an indicator of poor storage conditions; however, air exposure is typically not controlled in traditional aerobic storage, and CO 2 concentrations are difficult and expensive to obtain in field situations. The laboratory-scale storage reactors have the unique ability to measure complete CO 2 production rates, allowing temperature profiles to be related to CO 2 production and airflow. As an example of this, when HDD (a common metric used in the feed and forage industry to generalize the intensity and duration of biomass self-heating) above 30°C are considered, the low airflow reactors and the intermediate flow reactor that stayed at elevated temperatures both accumulated 1,500 HDD>30°C even though the rates of respiration were approximately three times greater in the intermediate flow reactor. The temperature and CO 2 production rates observed in this study indicate that storage is heavily influenced by airflow and that temperature alone cannot be used to predict biomass storage performance.
Dry Matter Loss
Each of the three airflows resulted in distinct dry matter loss rates throughout storage as measured by CO 2 production (Fig. 3) . Relative to the entire storage period, the highest rate of loss was incurred during the initial self-heating for all airflows, peaking at 2.7±0.2 % DML/day for the high flow, 2.9±0.6 % DML/day for the intermediate flow, and 1.0± 0.0 % DML/day for the low flow reactors. Compared to these early rates, reduced but sustained losses occurred while temperatures were above 55°C: 1.0±0.1 % DML/day (n=377) for the high flow, 0.5±0.1 % DML/day (n=942) DML/day for the intermediate flow, and 0.1±0.0 % DML/day (n=1,333) for the low flow. Darr and Shah [12] observed that in low and high moisture corn stover bales, over half of the total dry matter loss had accrued in the first third of the storage duration. This trend supports the high loss rates that the stover in this study experienced at temperatures above 55°C, and similar loss ratios would have been expected had the storage duration in this study not been truncated. In instances where respiration levels and temperatures dropped, low but quantifiable rates of dry matter loss (<0.1 %/day) were measured. While the extent of this research did not capture the cooling phase for each of the reactors, it is assumed that those which had not cooled below 30°C by the end of the 50-day period would continue to degrade at a rate consistent with their slopes shown in Fig. 3 . It is also reasonable to assume based on the results of this work that once these reactors reached their cooling phase, they would adopt dry matter loss rates similar to the high airflow and the single intermediate airflow reactors.
In summary, the stover stored in high airflow reactors experienced the highest rates of dry matter loss at elevated temperatures, but cumulative losses ceased once cooling was underway. This high airflow system has advantages in biomass storage configurations of being able to quickly self-heat and cool to form a relatively stable storage environment. However, the total dry matter loss of 19 % is not atypical compared to field-stored high moisture biomass [7, 8, 36, 37] , implying that storage performance was not markedly improved in this case despite a shortened self-heating period. The elevated and extended period of dry matter loss in the intermediate flow condition resulted in the worst performance in terms of dry matter loss, with reactor B experiencing 27 % dry matter loss. The intermediate flow condition can best be described as nonideal, and development of field storage practices should use this example as a "worst case" for which improvements in storage may be judged against. Dry matter loss rate and extent were dramatically reduced in the low airflow system compared to the other treatments, suffering only 10 % loss by the end of the study period. Despite remaining at elevated temperatures for the duration of the storage period, the low rate of dry matter loss observed in these low flow conditions suggests that limitation of air exposure does have a positive effect on biomass preservation. Therefore, from a practical perspective, oxygen limitation can be used to reduce dry matter losses during the storage of high moisture biomass when complete oxygen exclusion is not possible. The data also clearly shows that while complete oxygen exclusion is not necessary for preservation, a slight increase in aeration can have profoundly negative consequences in terms of dry matter loss rates, as observed in the intermediate flow condition. These results are important as the level of protection offered by bale wrapping, in terms of the number of wraps to achieve either a partial or complete gas barrier, is directly associated with storage cost, as bale wrapping methods range from $6 to 12 per dry ton based on the number of plastic wraps [12, 38] .
Microbial Analysis
The fungal plate MPN assay showed differences in fungal cell numbers present at the three airflows. All conditions were statistically significant with the exception of MPN estimates from the intermediate and low airflows (one-way ANOVA, P<0.011). The unstored stover was found to have 1.8× 10 5 CFU/g DM, and multiple yeast and filamentous fungi species were noted on incubated plates. The high flow reactors had the greatest viable fungal population by the end of storage with an average of 3.2±0.7×10
5 CFU/g DM, while the intermediate flow reactors had an average of 2.6 ±2.1× 10 2 CFU/g DM. The fungi that grew from the intermediate and high flow reactors were filamentous fungi with no yeasts in either case; these reactors had notable fungal growth among the corn stover at the time of deconstruction (Fig. 4a, b) . The low flow reactors were below the assay detection limit of 5 CFU/g DM, which corresponded with little visible fungal growth on the stover throughout the reactor except at the site of airflow introduction (Fig. 4c) . These results are consistent with the range of yeasts enumerated in corn silage [39] ; however, the mold content is higher than previously found in silage. Shinners et al. report that there was little to no mold growth in well-preserved corn stover silage bags, whereas high levels of mold were observed throughout aerobic storage treatments [7] . Fungal bodies typically only dominate bacteria in areas of silage that are exposed to air, such as the open face of a bunker or a tear in a silage tube. Increased fungal loading has proven to cause reduced aerobic stability upon removal from storage [40] . Therefore, biomass with a high fungal loading could be subject to additional microbial degradation if the material is disturbed in the feedstock supply chain, either upon removal from storage or following size reduction in preprocessing, where the material's surface area and oxygen exposure is dramatically increased. In either of these cases, rapid utilization or drying of the material would be necessary to prevent unanticipated losses during intermittent processing. Overall, the results from this study suggest that decreased oxygen availability reduces fungal abundance, suggesting that stover removed from a reduced oxygen environment may have improved aerobic stability during handling in the supply chain.
Organic Acids
Organic acids (acetic, lactic, propionic, and succinic acid) and pH were measured for each of the storage conditions to assess the role of bacterial fermentation on the stover (Table 2) . Butyric, formic, isobutyric, isovaleric, 2-methylbutyric, and valeric acids were measured but below the detection limit of 0.1 % of dry matter. The unstored corn stover contained low levels of all four organic acids and a pH of 5.3, indicating that fermentation occurred during transport from Kansas to Idaho. No significant difference was observed in the organic acid levels of the unstored stover and the stover from the high and intermediate flow reactors. However, the stover in both high and intermediate flow systems had a neutral pH; this suggests that aerobic respiration occurred throughout storage rather than continued fermentation and supports the high fungal populations measured in both of these systems. The low flow condition resulted in stover with significantly higher acetic acid levels compared to unstored stover; lactic and propionic acid levels were also higher than in the unstored stover but not to a statistically significant degree. The acid levels along with Fig. 3 Dry matter loss of corn stover in storage reactors supplied with three airflows over 50 days in storage the pH of 4.8 indicate that some anaerobiosis and acid fermentation occurred in the low flow reactors even though oxygen concentrations exiting the reactor were greater than 10 % for the entire storage period following initial selfheating. Combined organic acid levels in silage generally range between 2 and 6 % [23] but can be as low as 0.5 % [3] ; therefore, the acid profile of the low airflow storage condition more closely represents silage than it does aerobically stored high moisture biomass. Overall, the organic acid levels in combination with the MPN analysis suggest that the high and intermediate flow reactors represent aerobic storage systems, while the low flow reactor had some level of bacterial fermentation even though the system's bulk gas flow remained aerobic for the majority of storage.
Chemical Compositional Analysis
Select constituents from the complete chemical compositional analysis are presented in Table 3 . Total water extractives were significantly greater in the stover for the low flow compared to the high flow condition and were indistinguishable at this replication level from the unstored and intermediate flow condition; this measurement reflects the soluble organic acids presented in Table 2 , partially explaining the elevated extractives. Another important component of total water extractives is soluble glucose, which was present in the unstored and low flow stover and not detected in the stover from the high and intermediate flow stover. The soluble glucose measured in the low flow stover was likely released from structural sugars upon depolymerization and had not been metabolized by the microbial community at the time of sampling. The remaining soluble glucose in the low flow reactor is not atypical for ensiled biomass. Water-soluble carbohydrates levels, of which glucose is a component, are reported to account for approximately 1 % of the dry matter remaining in ensiled corn stover [41] and grasses [42, 43] ; incomplete fermentation, likely due to a declining or aging microbial population, is suggested as the reason for the remaining soluble sugars [41] [42] [43] .
Lignin variations were not statistically significant between the unstored stover and any of the storage conditions; any potential enrichment of lignin in the stover from the high and intermediate flow reactors was obscured by the high standard deviations (Table 3) . Lignin variation is common in compositional analysis and varies by 23.8±1.3 % (n=39) in the National Institute of Standards and Technology sugarcane bagasse reference standard 8491 analyzed alongside the samples. Sugarcane bagasse 8491 was originally used in the development and optimization of the NREL compositional analysis LAP [44] . It is commonly used as a control for this procedure and is the most thoroughly characterized NIST standard currently available. Ash was not statistically different in any of the storage situations and ranged from 4.1 to 5.0 %, consistent with the lower range of ash content reported for single-pass harvested corn stover [12] .
The unstored and stored stover was comprised of more than 60 % structural sugars, commonly represented as cellulose (consisting primarily of glucan) and hemicellulose (primarily xylan). While no significant difference in the total structural sugar concentrations was seen between any of the storage scenarios, further examination of the individual sugar concentrations reveals a significant glucan enrichment and xylan loss in certain storage conditions compared to the unstored stover (Table 3) . Glucan levels were lowest in the unstored and low flow stover and significantly higher in the stover from the high and intermediate flow conditions compared to the unstored stover (10 and 8 % higher, respectively). A significant relative decrease of 12 % xylan occurred between the unstored stover and intermediate flow condition, while any difference between the unstored stover and the low and high airflow reactor stover was not statistically significant. Arabinan, a component of hemicellulose, was significantly reduced in the intermediate and low flow stover compared to unstored stover; galactan, another hemicellulose component, was not significantly reduced in any of the conditions. When the total mass of structural sugars exiting storage was corrected for dry matter losses experienced in each of the reactors and compared to the mass of sugars entering storage, glucan loss was significantly greater in the intermediate flow reactor compared to the low flow reactor (17.7 and 5.7 % loss of original glucan, respectively), while the high flow reactor glucan loss fell in between at 9.8 %. The xylan loss was statistically different for all the reactors, with the intermediate flow reactor having the highest xylan loss followed by the high flow and then the low flow (32.6, 25.3, and 10.4 % loss of original xylan, respectively). The more extensive hemicellulose degradation compared to cellulose degradation observed in the stored corn stover in this study is consistent with reported values for both aerobic and anaerobic biomass storage conditions. Cellulose enrichment and reduced hemicellulose levels have been documented in the composition of ensiled corn stover [41] and high moisture hay that selfheated during storage [45] . Increased hemicellulose loss compared to cellulose loss has also been documented for fungally degraded corn stover stored aerobically [46] . Degradation of hemicellulose occurs at a higher rate than for cellulose because it is more soluble and less ordered than cellulose, making it easier for the enzymes of the microbial population to access [47] .
Theoretical ethanol yield is an estimate of the value of a feedstock to a biorefinery and represents the quantity of ethanol that could be produced if all available fermentable components yielded ethanol (i.e., 100 % conversion efficiency). The theoretical ethanol yields for the stored samples in this study were determined based on average structural sugar concentrations. Theoretical ethanol yield averaged 110 gal of ethanol per dry matter ton biomass across all of the samples and was not significantly impacted by storage condition (Table 3) . However, the dry matter losses of 9-27 % experienced during the storage period would reduce the amount of total sugars compared to what was originally available for conversion prior to storage.
Overall, the stover from the low flow reactors had the best performance in terms of chemical composition, as it was most similar to the unstored material. Although the total structural sugar levels were unchanged in the stover from the high and intermediate flow reactors, the changes in glucan and xylan levels suggest that additional microbial degradation occurred in the corn stover under these higher oxygen conditions, which is supported by their higher dry matter losses. These results continue to stress the importance of minimizing losses in storage which, as exhibited by this work, can be achieved through the limitation of oxygen in storage.
Summary
The aeration rates provided to high moisture corn stover in storage reactors was shown to impact the material's selfheating and resultant dry matter loss. Of the three treatments tested, the greatest preservation of mass and compositional quality was observed in the low flow scenario, even though temperatures remained elevated (>55°C) for the duration of the study. While the 10 % loss for the low airflow scenario was high compared to the negligible losses typically experienced in silage, the reduction in dry matter loss rates accomplished through limiting but not excluding oxygen is influential. There is promise that limiting oxygen exposure could provide reduced dry matter loss rates in field-stored biomass and, therefore, lengthen the storage shelf-life. While wrapping is available as an oxygen-limiting tool for bales, other possible Table 3 Composition (% of dry matter) and theoretical ethanol yield (TEY) of corn stover before and after reactor storage as affected by airflow solutions to limit oxygen could be found in high density bales or in stacking configurations that limit oxygen infiltration. This study has shown that varied degrees of air exposure influence the performance of high moisture corn stover in storage, both in the short and long term. Data generated from these experiments will be applied to modeling efforts and followed by field studies aimed at better understanding the efficacy of oxygen limitation strategies in baled biomass storage systems.
